INTRODUCTION
Fanconi anemia (FA) is an autosomal recessive disorder clinically characterized by developmental abnormalities of the skeleton, skin, kidney and heart. FA patients show growth retardation, hypogonadism and aplastic anemia due to a progressive failure of the bone marrow. The aplastic anemia usually develops between 5 and 10 years of age and typically starts with thrombocytopenia, followed by neutropenia and finally anemia. In addition, FA patients are strongly predisposed to cancer, especially acute myeloid leukemia and squamous cell carcinomas (1, 2) . FA cells display a high level of spontaneous chromatid-type aberrations and a hypersensitivity to cross-linking agents like mitomycin C (MMC), cisplatin and diepoxybutane. An arrest in the late-S/G 2 phase of the cell cycle of FA cells is seen, especially after treatment with low doses of MMC (3, 4) .
Functional complementation studies have implicated at least eight distinct FA genes (2, 5, 6) , six of which have been cloned to date; FANCA, FANCC, FANCD2, FANCE, FANCF and FANCG (7) (8) (9) (10) (11) (12) (13) . The complementation group G gene FANCG, identified by complementation cloning (13) appeared to be identical with XRCC9. The XRCC9 gene was previously cloned on the basis of its ability to partially complement the cellular phenotype of a Chinese hamster cell mutant UV40. These UV40 mutant cells display hypersensitivity to UV, X-rays, MMC and methyl methanesulfonate (MMS), as well as chromosomal instability (14, 15) . The FA gene products do not share homologous sequences with each other nor with any other protein in the databases, and little is known about their *To whom correspondence should be addressed. Tel: +31 20 4448270; Fax: +31 20 4448285; Email: f.arwert.humgen@med.vu.nl molecular functions. Recently, interaction studies have indicated that FA proteins form a nuclear core complex. The interaction of FANCA and FANCG in the cytoplasm seems to be the starting point for the formation of this nuclear multiprotein FA core complex (16, 17) . This FA core complex is essential for the modification of FANCD2 to a monoubiquitinylated isoform, which co-localizes with the breast cancer susceptibility protein BRCA1 in DNA damage-inducible nuclear foci (18) . The latter study suggests a role for FA proteins in the cellular DNA damage response.
In this paper, we report the generation of mice with a targeted disruption of the Fancg gene and document characteristics of these animals.
RESULTS

Generation of Fancg -/-mice
The mouse Fancg gene consists of 14 exons. In the targeting construct, exons 1-4 are replaced by a PGK-hygromycin cassette (Fig. 1A) . The targeting construct was electroporated into embryonic stem (ES) cells derived from mouse strain 129OLA. Screening of ES cells for homologous recombination was performed by Southern blot analysis (Fig. 1B) . Two mouse lines were generated from independent ES cell clones. Chimeric males with germ line transmission of the targeted allele were crossed with FVB females and the resulting heterozygous F1 animals were intercrossed to generate Fancg knockout (KO) animals. Genotyping was performed by PCR analysis (Fig. 1C) . The absence of Fancg protein in tissue (Fig. 1D ) and mouse embryonic fibroblasts (MEFs) (data not shown) of the mutant mice was confirmed by immunoblotting. The Fancg KO mice were born at the expected frequency and appeared normal, without showing any signs of retarded growth. X-ray analysis failed to reveal any skeletal abnormalities (data not shown).
Fancg -/-mice have a reduced fertility
To assess fertility of the KO animals, 10-12-week-old Fancg -/ -mice were bred with Fancg +/-mice and followed over time. Both male and female Fancg -/-animals appeared to be less fertile than control animals ( Fig. 2A) , the deficiency being more pronounced in the female mice ( Fig. 2A) . Female mice stopped breeding around 21 weeks of age, whereas the males stopped around 29 weeks of age, in contrast to control animals which did not stop breeding during the observation period, but only showed a decline in the number of litters ( Fig. 2A) . The numbers of pups per litter were smaller in both male and female KO mice when compared to the heterozygous control mice (Fig. 2B) .
Fancg -/-mice have gonadal abnormalities
To investigate the possible cause of the reduced fertility we examined the gonads from 10-12-and 36-week-old mice by histological analysis. The ovaries from 36-week-old Fancg -/-female mice appeared to contain many interstitial cells (Fig. 3B) . Few developing and some degenerated follicles were present. In some Fancg -/-animals traces of previous ovulations were observed (picture not shown). In the cortex of 10-12-week-old females very few primary follicles are present (Fig. 3C) . The results of histological examination of testes derived from 10-12-week-old Fancg -/-mice are similar, only the defects are less pronounced as compared to 36-week-old Fancg -/-mice. In the testis of young male mice some 'bodies' are seen in which sperm-heads stick together and are not able to develop into individual spermatozoa (3F). Many seminiferous tubules in 36-week-old Fancg -/-males were atrophic and contained vacuolized Sertoli cells. The remaining tubules showed normal to incomplete spermatogenesis and contained normal or little semen (Fig. 3E) . Mutant testes showed hyperplasia of Leydig cells as compared to the controls ( Fig. 3D and  E) . The epididymis of Fancg -/-male mice contains hardly any normal spermatozoa and debris is present as well as degraded spermatozoa (Fig. 3H) . The epididymis of control animals on the other hand contains normal functional spermatozoa (Fig. 3G) .
None of the other organs studied: spleen, mammary glands, lymph nodes, brain, heart, thymus and kidney, showed evidence of consistent abnormalities.
Hematological parameters
Hematological assays on Fancg -/-and control mice were performed to see whether KO mice develop anemia during their life span. Several hematological parameters were measured during a period from 8 weeks to 1 year after birth. Red and white blood cell counts were similar in KO and wild-type animals. There was also no significant difference between the levels of hemoglobin, hematocrit and the mean red cell volume (MCV) of Fancg -/-and Fancg +/+ mice. The platelet count of Fancg -/-male mice seemed somewhat reduced between 8 and 11 weeks of age. For Fancg -/-female mice this phenomenon was only seen around 36 weeks of age (data not shown). Although these reductions were statistically significant, they were relatively small and not consistently observed in all animals over the course of time and therefore were not considered as evidence of a hematopoietic phenotype.
Flow cytometric analysis of spleen and total blood was performed to assess a possible difference in numbers of specific cell types between Fancg -/-and Fancg +/+ mice. No consistent differences could be demonstrated in T-and B-lymphocyte, macrophage and granulocyte cell populations (data not shown).
In addition, we examined May-Gruenwald-Giemsa-stained blood smears for numbers and morphology of the various types of leukocytes. The number of white blood cells was similar in the different genotypes and no abnormal morphology was seen (data not shown).
Altogether, these data indicated that Fancg -/-mice have a normal hematopoietic proficiency, at least within the first year of life.
Sensitivity of Fancg -/-mouse embryonic fibroblasts to DNA-damaging agents
Mouse embryonic fibroblasts (MEFs) were obtained from Fancg -/-and Fancg +/+ embryonic mice and tested for their chromosomal sensitivity to the cross-linking agent MMC. As illustrated in Figure 4A , KO MEFs showed an elevated level of spontaneous chromosomal breakage compared to the wild-type MEFs: whereas 16% of the wild-type MEFs showed one or two aberrations per cell, 72% of the KO MEFs had aberrations, with 10% having multiple (up to eight) aberrations per cell. Exposure to 50 nM MMC dramatically increased the aberration rate in KO MEFs, whereas such treatment hardly affected wild-type MEFs (Fig. 4B) . Clonogenic survival assays were used to determine the antiproliferative effect of MMC. As shown in Figure 5A , MMC has a more toxic effect on the survival of Fancg -/-MEFs than that of Fancg +/+ MEFs, which is consistent with the known hypersensitivity of FA cells to the clastogenic effect of this compound. Given the cellular phenotype described for the Chinese hamster-derived Fancg/Xrcc9 -/-mutant cell line UV40, which shows a hypersensitivity to X-rays, UV, MMC and MMS, the sensitivity of Fancg -/-MEFs to these agents was also evaluated. The results indicated that the Fancg -/-MEFs were not hypersensitive to MMS (Fig. 5B ), X-rays (Fig. 5C ) or UV radiation (Fig. 5D ) compared to the control cells.
Fancg -/-hematopoietic cells are hypersensitive to MMC
The aplastic anemia seen in FA patients is thought to be due to a proliferative defect of bone marrow progenitor cells. Since the Fancg -/-mice did not develop anemia, we tested bone marrow cells for their sensitivity to MMC. Bone marrow cells isolated from Fancg -/-and Fancg +/+ mice were seeded in the presence of increasing concentrations of MMC. As shown in Figure 6 , the average numbers of hematopoietic colony forming units (c.f.u.), from Fancg -/-and Fancg +/+ mice were similar in the absence of MMC. After incubation with MMC the colony forming capacity from bone marrow derived from Fancg -/-mice was significantly more affected than that of bone marrow derived from control animals. These results show that, even though the bone marrow is not detectably malfunctioning in Fancg -/-mice considering blood counts, bone marrow progenitor cells clearly express the cellular FA defect upon treatment with a cross-linking agent.
DISCUSSION
We report the generation and characterization of Fancg KO mice, which were made by targeted recombination resulting in the deletion of exons 1-4 of the mouse Fancg gene. The absence of the Fancg protein was verified by immunoblotting of extracts from tissues and MEFs derived from the KO animals. At the cellular level, that is embryonic fibroblasts and hematopoietic colony forming cells, Fancg -/-mice did show the FA phenotype in terms of MMC hypersensitivity.
Unlike FA patients, growth retardation or skeletal abnormalities were not found in Fancg -/-mice.
FA patients, including FA-G, typically develop aplastic anemia at an early age, which is thought to be due to depletion of bone marrow stem cells. In contrast, Fancg -/-mice did not develop spontaneous anemia in the first year of life. These results are similar to what has been observed in Fancc -/-and Fanca -/-mice (19) (20) (21) . In spite of their apparent normal hematopoietic potential, progenitors from Fancg -/-mice exhibited the FA phenotype in terms of MMC sensitivity, comparable to what has been reported for Fancc -/-mice (22) , in which aplastic anemia can be provoked by treatment with a DNA cross-linking agent (23) .
Lymphocyte cultures from FA patients show spontaneous chromosomal aberrations and these are drastically increased when incubated with cross-linking agents (24) . MEFs derived from our Fancg -/-mice also show increased spontaneous chromosomal aberrations. After incubation with MMC a significant increase of chromosomal aberrations is seen. This same feature was also seen in MEFs derived from Fanca -/- (21) and Fancc -/-mice (19) .
FA patients rarely produce offspring. In male patients this is associated with hypogonadism and reduced sperm count, whereas in female patients premature menopause has been described (25) . Reduced fertility was also reported for Fanca -/-and Fancc -/-mice, with females being more severely affected than males (19) (20) (21) . Fancg -/-mice have a similar reduction in fertility and females are more affected as well. Histological examination showed almost no ovarian follicles in 36-week-old Fancg -/-female mice, whereas in some KO animals there were signs of previous ovulations. Although histological data are not available from FA patients these observations would seem to be compatible with the premature menopause seen in FA patients. In 36-week-old Fancg -/-male mice a reduced spermatogenesis was observed and vacuolization of Sertoli cells, although tubules with normal spermatogenesis were present as well. Severe Leydig cell hyperplasia was observed in mutant testes. The epididymis of Fancg -/-male mice was almost empty or contained debris presumably from degenerated sperm cells. The histological examination of gonads derived from 10-12-week-old mice is similar to that of 36-week-old mice. Only the defects are less pronounced in the young animals. These gonadal abnormalities were also observed in Fancc -/-and Fanca -/-mice (19, 21) as well as in Atm-deficient male mice (26) , although the vacuolization of Sertoli cells was not observed in Atm-deficient male mice (26) . At birth, all germinal cells in normal females are already developed into oocytes. Most of these oocytes degenerate during life. A small pool of stem cells survives and a few of these mature (Graafian follicle) (27) . On the other hand, male testis contains more stem cells that divide over a long period of time (28) . If there is a defect in the development of germ cells, females are probably earlier and more severely affected than males because of the fewer stem cells present. This might be an explanation of the more severe affected phenotype seen in Fancg -/-female mice compared to males. 25×). The ovary of the control animal (A) contains numerous developing Graafian follicles, whereas Fancg -/-ovary (B) consists predominantly of interstitial cells. Some degenerated follicles can be seen (B, arrow). In the cortex of Fancg -/-ovary of 10-12-week-old mice (C) no primary follicles were seen. A part of the corpus luteum (indicated by three arrows) is present. The control testis (D) shows all stages of normal spermatogenesis, whereas in Fancg -/-testis (E) normal spermatogenesis is only detected in some seminiferous tubuli. In some tubuli, vacuolized Sertoli cells are present (E, arrowhead) and Leydig cell hyperplasia is seen (E, arrow). In the testis of 10-12-week-old mice (F) 'bodies'/sperm head are seen (red arrow). The control epididymis contains many functional spermatozoa (G). The epididymal duct of Fancg -/-contains degenerated spermatozoa and hardly any sperm (H).
The Chinese hamster ovary cell line (UV40) is mutated in the Fancg/Xrcc9 gene and shows sensitivity to a wide spectrum of DNA-damaging agents, like UV, X-rays, ethyl methanesulfonate, MMS and MMC (15) . The FANCG/XRCC9 gene has been shown to correct the chromosomal instability of the UV40 mutant and partially corrects MMC, EMS and UV sensitivity (14) . In contrast, MEFs derived from Fancg -/-mice were not sensitive to UV, X-rays and MMS, and in that respect more closely resemble human FA-G lymphoblasts (13) . These results indicate that the Fancg -/-mouse may serve as a valid model for the cellular phenotype seen in FA patients, where mutation of FANCG results in a specific hypersensitivity to cross-linking agents only. The similar degree of conservation of the FANCG/XRCC9 gene amongst man, mouse and hamster in combination with crosscomplementation suggests a functional identity of these three Fancg proteins (H.J.Van de Vrugt et al., manuscript submitted for publication). Therefore, the cross-sensitivity for UV, X-rays and MMS reported for the UV40 mutant cell line is probably due to the presence of additional mutations, as suggested before (14) . In summary, the cellular phenotype documented for our mouse model is similar to human FA cells, whereas at the level of the whole organism, reduced fertility associated with gonadal defects mimic the human phenotype. The characteristics described here for the Fancg -/-mice also closely resemble those reported for Fanca -/- (21) and Fancc -/-mice (19, 20) .
Disruption of the multiprotein complex in all FA cell lines except FA-D2 and the close similarity of the three mouse models reported so far suggest an absence of redundancy between these FA proteins within the pathway. This hypothesis could be tested by examining the phenotype of cells or animals in which two different FA proteins are disrupted simultaneously. Thus, the generation of double KO animals might provide additional information on the 'tightness' of the FA pathway.
MATERIALS AND METHODS
Construction of the Fancg gene-targeting vector
The complete mice Fancg gene (exons 1-14) was cloned from E14 ES cells. This fragment was subcloned into pBRMG, a modified pBR322 vector. Partially blunt XbaI digestion was performed to delete exons 1-4 from the Fancg gene. A PHA58 vector containing a hygromycin cassette and a PGK promotor was digested with BglII. This hygromycin cassette was ligated upstream of exon 5 within the Fancg-targeting construct (Fig. 1A) .
ES cell targeting and generation of Fancg -/-mice
The Hyg-Fancg-targeting construct was isolated from the vector and electroporated into E14 ES cells derived from the 129OLA strain. Genomic DNA from clones surviving hygromycin selection was isolated, digested with XbaI and analyzed using 5′ and 3′ probes on Southern blots. The same blots were hybridized with internal probes for the PGK-hygromycin cassette to see whether homologous recombination had occurred. Two independent selected ES clones with an apparently normal karyotype were injected into blastocysts from the C57Bl/6 strain and placed in pseudo-pregnant 129OLA foster mothers. The resulting chimeric males were bred with FVB females and germline transmission was obtained. Heterozygous F1 mice were intercrossed to produce homozygous mutant mice. The genotype of the mice was determined by PCR analysis on mouse ear DNA. Primer sets were used for the endogenous exon 1-4 allele (primers CTTGTAGAGTGAGGAGGAGT-TCCCTAAGCC and GGCGACAATGTCCAGCCAGGTCAT-TCCAGC, ∼400 bp) and for the recombinant hygromycin allele (primers GCATCATCGAAATTGCCGTCAACCAAGCTC and TCGTGCACGCGGATTTCGGCTCCAACAATG, ∼227 bp).
FANCG protein expression was analyzed in cell lysate from mouse tissues by immunoprecipitation and western blot with antiserum, raised in guinea-pigs and rabbits, directed against the GST N-terminal FANCG fusion protein (amino acids 87-355) (unpublished data).
Hematological analysis
Peripheral blood was collected by orbita punction, with EDTA as an anticoagulant. The blood was diluted 3.33 times with 1× PBS pH 7.4. Measurements of erythrocyte, leukocyte, platelets, hemoglobin and hematocrit levels and the derived mean cell volume, mean cell hemoglobin and mean cell hemoglobin concentration values were performed on a sysmex K-4500 machine (Goffin-Meyvis).
Flow cytometry analysis of spleen and blood was performed using a standard protocol. Samples were measured on a facsscan (Becton Dickinson). Applied antibodies used were: T lymphocytes, KT3 (supernatant from hybridoma cells), 
Histological analysis
Mice were killed and isolated organs were fixed in 4% paraformaldehyde in 1× PBS pH 7.8. The testes and ovary of mutant and wild-type mice were fixed in Harrison fixative (ethanol-acetic acid-formol saline). Fixed organs were embedded in paraffin, sectioned and stained with hematoxylin and eosin. Tissues included were testis, ovary, mammary glands, lymph nodes, brain, heart, spleen, thymus and kidney.
MMC-induced chromosome breakage analysis
Immortalized and primary MEFs were incubated for 48 h in the absence or presence of 50 nM MMC. For each cell culture, 50 metaphases were analyzed for chromosomal abnormalities, which included both chromosome and chromatid-type aberrations. To quantify chromosomal abnormalities the exchange aberrations were converted into breaks.
Cell survival and mutagenic treatment
MEFs were derived from 14-day-old embryos. After spontaneous immortalization, cells were analyzed for their sensitivity to various DNA-damaging agents. MEFs were seeded in Petri dishes (TC dish 92 × 17, Nunclon dishes; Life Technologies) at different densities (KO, 2500 cells/plate; wild-type, 10 000 cells/plate) in Dulbecco's modified Eagle's medium with glutamate (Gibco BRL) containing 10% fetal bovine serum (Gibco BRL) and supplemented with sodium pyruvate. MMC was added in a dilution series of 0-240 nM. Cells were incubated at 37°C, 5% CO 2 for 10 days. Cells were fixed with 90% ethanol and stained with 10% Giemsa (Sigma), and colonies (>50 cells) were counted.
For the assessment of X-ray, UV light and MMS sensitivity, exponential growing cells were trypsinized and 700-1500 cells were plated in P 94 dishes (Greiner) in duplicate (controls in triplicate) in Dulbecco's modified Eagle medium with glutamate (Gibco BRL) containing 10% fetal bovine serum (Gibco BRL) and supplemented with sodium pyruvate, and left to attach for 4 h. For all survival experiments, 10 times more cells were plated at the highest dose used. Prior to UV irradiation, cells were washed once with PBS and irradiated with UV light of 254 nm (0-12 J/m 2 ) (Philips TUV germicidal lamp; fluence rate of 0.19 W/m 2 , measured with the IL/770 germicidal radiometer) and thereafter culture medium was added. For all other treatments, cells were maintained in culture medium and either irradiated with X-rays (0-8 Gy) (dose rate 2.8 Gy/min, 200 kV, 4 mA, 0.78 mm Al) or treated with MMS for 1 h (0-2.4 mM). After treatment with MMS the cells were rinsed twice with PBS and culture medium was added. Following these mutagenic treatments, cells were incubated at 37°C, 5% CO 2 in a humidified incubator for 8-10 days. Then, the dishes were rinsed with 0.9% NaCl, air-dried, stained with methylene blue and visible colonies were counted. Each survival curve represents the mean of at least three independent experiments. Error bars represent the SEM.
Bone marrow sensitivity assay
Bone marrow cells were derived from the femurs of wild-type and Fancg KO mice aged between 4 months and 1 year. Bones were prepared free and flushed with Isocove's MDM with 2% fetal ovine serum (Stemcell Technologies Inc.). Cells were seeded in 35 mm culture dishes (Stemcell Technologies Inc.) at a density of 1.8 × 10 5 cells/dish in Methocult GF M3434 (Stemcell Technologies Inc.). MMC was added in a dilution series of 0-1000 nM. Tests were done in triplicate. Cells were incubated at 37°C, 5% CO 2 for 7 days, after which colonies were counted.
